A light-harvesting-reaction center (LH1-RC) core complex has been highly purified from a thermophilic purple sulfur bacterium, Thermochromatium tepidum. The bacteriochlorophyll (BChl) a molecules in the LH1 exhibit a Q y transition at 914 nm, more than 25 nm red-shift from those of its mesophilic counterparts. The LH1-RC complex was isolated in a monomeric form as confirmed by sucrose density gradient centrifugation, blue native PAGE and size-exclusion chromatography. Four subunits (L, M, H and a tetraheme cytochrome) in RC and two polypeptides (α and β) in LH1 were identified. Spirilloxanthin was determined to be the predominant carotenoid in the core complex. The purified core complex was highly stable, no significant change in the LH1 Q y transition was observed over 10 days of incubation at room temperature in dark. Circular dichroism spectrum of the LH1 complex was characterized by low intensity and nonconservative spectral shape, implying a high symmetry of the large LH1 ring and interaction between the BChl a and carotenoid molecules. A dimeric feature of the BChl a molecules in LH1 was revealed by magnetic circular dichroism spectrum. Crystals of the core complex were obtained which diffracted X-rays to about 10 Å.
Introduction
In purple photosynthetic bacteria, the light energy is absorbed by two types of light-harvesting complexes (LH1, LH2), and then is transferred efficiently to the reaction center (RC) where the primary charge separation takes place across the membrane and a cyclic electron transport chain occurs. The LH1 complex is located intimately around the RC with a fixed stoichiometric ratio to form the so-called core complex (LH1-RC), whereas the LH2 complex is arranged in the periphery of the core complex with varied ratios to the RC depending on growth conditions such as light intensity and temperature. Both LH1 and LH2 are large oligomers of a basic structural unit composed of a heterodimer of two small integral membrane polypeptides (α and β, ca. 6 kDa) associated with bacteriochlorophyll (BChl) and carotenoid molecules [1] . Purple photosynthetic bacteria can be classified into two groups based on their ability to use inorganic sulfur compounds as electron donors in photosynthesis. The photosynthetic complexes from nonsulfur organisms have been well characterized both structurally and functionally. In fact, a number of high-resolution structures are available for the RC [2, 3] and LH2 [4, 5] of several nonsulfur bacteria. Twodimensional projection maps at 8.5 Å resolution have been produced by electron microscopy for both reconstituted and native LH1 complexes from Rhodospirillum (R.) rubrum [6, 7] . These maps showed a closed LH1 ring composed of 16 αβ pairs around the RC. Similar structure was also observed by atomic force microscopy for the core complex in the native photosynthetic membrane of Blastochloris (Blc.) viridis [8] . A different structural arrangement was reported for the core complexes from Rhodobacter (Rb.) species based on the observations of cryoelectron microscopy [9, 10] and atomic force microscopy [11, 12] . These studies revealed an "S"-shaped oligomeric structure for the LH1 αβ subunit around the RC with two gaps in the oligomer lacking protein density. Another structure of the core complex from Rhodopseudomonas (Rps.) palustris has been determined at 4.8 Å [13] , showing that the RC is surrounded by an oval LH1 complex consisting of 15 pairs of the αβ polypeptides, and the repeating αβ units appear to be interrupted by an unknown protein W.
In contrast, investigations on photosynthetic apparatus of the purple sulfur organisms have been delayed. A crystal structure at resolution of 2.2 Å became available for the RC from purple sulfur bacterium Thermochromatium (Tch., formerly Chromatium) tepidum in 2000 [14] . Later, purification and detailed characterization were carried out on the LH1 polypeptides of two sulfur bacteria [15] . Among the purple bacteria, Tch. tepidum is of particular interest in terms of its thermophilic nature and unusual red-shift of the Q y transition of the LH1 complex. Originally isolated from hot springs in the Yellowstone National Park, USA [16, 17] , Tch. tepidum can grow at the highest temperature of all known purple bacteria with optimum temperature of 48-50°C and an upper limit of 58°C. A reconstituted core complex from this bacterium has been shown to remain stable up to 70°C in liposome solution [18] . The RC of Tch. tepidum, like that of Blc. viridis, possesses a c-type cytochrome subunit with four covalently bound heme groups, which form an electron pathway to the special pair. Although the core complex contains only a-type BChls, same as those found in most other purple bacteria such as Rb. sphaeroides and R. rubrum, spectroscopically the LH1 complex of Tch. tepidum exhibits a Q y absorption at 915 nm, more than 25 nm red-shift from those of its mesophilic counterparts. The reason for this red-shift has been unclear.
Preliminary results were reported previously on the isolation of LH1-RC complex from Tch. tepidum [15, 19] , in which either Triton X-100 or n-octyl β-D-glucopyranoside (OG) was used as the solubilizing detergent. There were several problems in these preparations: (i) partial damage was found to the LH1 complex; (ii) LH2 cannot be completely removed by the subsequent DEAE chromatography; and (iii) two unknown proteins remained in the resultant LH1-RC complex as confirmed by SDS-PAGE. Crystals could not be obtained from the samples prepared by the previous methods. In this study, we describe the isolation of a highly purified LH1-RC core complex from Tch. tepidum. The complex was characterized by absorption, circular dichroism (CD), magnetic CD (MCD) spectroscopies and SDS-PAGE. Carotenoid composition in the complex was determined. Association form of the core complex in detergent solution was examined by sucrose density gradient ultracentrifuge, blue native PAGE and size-exclusion chromatography. Preliminary results on crystallization of the core complex are reported towards future X-ray crystal structure determination. The results of this study provide information not only for clarifying various properties of the core complex from the thermophilic sulfur bacterium but also for a comparison with its mesophilic nonsulfur relatives from structural and functional points of view.
Materials and methods

Materials
All chemicals used were purchased from Wako Pure Chemical Industries, Ltd. (Japan) and Sigma Chemical Co. (U. S. A.), unless otherwise noted. Lauryldimethylamine N-oxide (LDAO) was from Kao Corporation (Japan). n-Octyl β-D-glucopyranoside (OG), n-dodecyl β-D-maltopyranoside (DDM) and ndodecylphosphocholine (DDPC) were purchased from Anatrace Inc. (U. S. A.). Polyethylene glycols (PEG) were from Fluka Chemie (Germany). Coomassie brilliant blue (CBB) G250 and R250 were from Serva Electrophoresis GmbH (Germany).
Isolation and purification of the LH1-RC core complexes
Tch. tepidum cells were grown anaerobically at 48°C for 7 days as described previously [15] . Chromatophores were isolated by sonication of the whole cells suspended in 20 mM Tris-HCl (pH 8.5) buffer followed by differential centrifugation. The chromatophores were first extracted with 0.35% w/v LDAO at 25°C for 60 min, followed by centrifugation at 4°C and 150,000×g for 90 min. The pellet was then resuspended in 20 mM Tris-HCl (pH 8.5) and extracted with 0.17% w/v DDPC under the same conditions to solubilize the LH1-RC-containing components. The extract was centrifuged at 4°C and 150,000×g for 90 min, and the resulting supernatant was loaded onto a DEAE column (Toyopearl 650S, TOSOH) equilibrated at 4°C with 20 mM Tris-HCl buffer (pH 7.5) containing 0.08% w/v of DDPC. The LH1-RC fraction was eluted by a linear gradient of NaCl from 50 mM to 125 mM, and the peak fractions with an A 915 /A 280 N 2.20 were collected for the characterization and crystallization experiments. LH1-RC complexes from Rb. sphaeroides type strain (NBRC 12203) were isolated by a procedure similar to that for the LH1-RC of Tch. tepidum, and were used as a reference in the sucrose density gradient centrifugation, blue-native PAGE and size-exclusion HPLC. The Rb. sphaeroides chromatophores (A 850 = 70) were treated with 0.4% w/v LDAO in 20 mM Tris-HCl buffer (pH 8.0) at 25°C for 60 min, followed by centrifugation at 4°C and 150,000×g for 90 min. The pellet was resuspended in the same buffer and the LH1-RC rich component was extracted with 0.7% w/v OG and 0.2% w/v sodium cholate at 25°C for 60 min.
Biochemical analysis
SDS-PAGE was performed using an improved method developed for membrane proteins as described [20] . The purified LH1-RC complex was treated with a solution containing 125 mM Tris-HCl (pH 6.8), 4% w/v SDS and 8 M urea at 90°C for 1 min. The denatured sample was then loaded onto a 12-22% gradient polyacrylamide minigel and electrophoresed at constant current of 20 mA. The minigels were stained with the Rapid Stain CBB Kit (Nacalai Tesque, Inc., Japan). Blue native (BN) PAGE was conducted according to the method described previously [21, 22] with minor modifications. LH1-RC complexes were adjusted to an absorbance of 2.5 for the LH1 Q y band by diluting with a lysis buffer containing 20 mM Bis-Tris (pH 7.0), 0.5 M aminocaproic acid, 10% w/v glycerol, 0.2% w/v CBB G250 (Serva) in the presence of 0.7% w/v OG, and 0.2% w/v sodium cholate. Sample solutions (20 μl) were loaded onto a 5-10% gradient gel filled with a running cathode buffer (50 mM Tricine, 15 mM Bis-Tris, pH 7.0, 0.02% w/v CBB G250) and anode buffer (50 mM Bis-Tris, pH 7.0). Electrophoresis was carried out at 5°C with the voltages increased in a stepwise way from 80 to 200 V. The gel was stained with CBB R250 and destained overnight with Milli-Q water. NativeMark unstained protein standard (Invitrogen) was used for the estimation of molecular weight.
Sucrose density gradient centrifugation of the LH1-RC complexes was performed with a continuous gradient of 10-40% w/v sucrose concentrations at 4°C and 150,000×g for 12 h. The buffer contained 0.7% w/v OG and 0.6% w/v sodium cholate in 20 mM Tris-HCl (pH 7.5).
Size-exclusion chromatography was carried out using an ÄKTA Purifier chromatography system (Amersham Biotech) with a similar procedure described elsewhere [23] . Typically, 20 μl of core complex samples were loaded on a gel filtration HPLC column (TSKgel G4000SW XL 0.78 × 30 cm, TOSOH) equilibrated in a 10°C chamber and eluted with 20 mM Tris-HCl buffer (pH 7.5) containing 0.05% w/v DDM and 50 mM calcium chloride. Flow rate was 0.5 ml/min, and elution of the core complexes was monitored by measuring absorbance at 280 nm.
Carotenoid composition was analyzed by extracting pigments from the purified LH1-RC complex with acetone/methanol (7:2, v/v). After centrifugation, the solvent was dried by evaporation. The pigment extracts were then analyzed by HPLC, using a μBondapak C18 column (8 × 100 mm, RCM type; Waters, USA), eluting with methanol (1.8 ml/min). Absorption spectra of carotenoids were recorded with a photodiode-array detector (MCPD-3600, Otsuka Electronics, Japan) attached to the HPLC system. Each carotenoid was identified based on its retention time on the HPLC and its absorption spectrum [24] . The molar absorption coefficient at maximum wavelength for each carotenoid in the effluent of methanol was assumed to be the same.
Spectroscopic measurements
Absorption spectra were measured using a Beckman DU-640 spectrophotometer with a wavelength range from 250 nm to 1000 nm. Both CD and MCD spectra were recorded on a Jasco J-720 w spectropolarimeter as described elsewhere [25] . The wavelength range was from 400 nm to 1000 nm, scan speed 20 nm/min, band width 1.0 nm and the response 1 s. Both instruments were calibrated using a standard Nd glass that has an absorption peak at 585.5 nm. For MCD measurement, an electromagnet was used to produce an external magnetic field of 1.5 T. Since the direction of the magnetic field can be inverted by reversing the direction of current, we define here the positive signal when the magnetic field vector is parallel to the direction of propagation of the light, and the negative signal when the vector is antiparallel. Final MCD spectra were obtained by subtracting the negative signals from the positive ones and therefore corresponded to those obtained under a magnetic field of 3.0 T. Intensities of CD and MCD were normalized by the absorbances at 914 nm. All spectroscopic measurements were conducted at room temperature.
Crystallization and preliminary X-ray diffraction experiments
The purified LH1-RC complex was concentrated using a Centricon centrifugal filter YM-100 (Millipore, USA) and adjusted to a BChl a concentration of 1.58 mM. Crystallization was performed using the sittingdrop vapor-diffusion method at 20°C. The protein solution was mixed with the same volume of precipitant solution (20 mM Tris-HCl, pH 7.5, 3 mM DDPC, 50 mM CaCl 2 , 16% w/v PEG2000). X-ray diffraction experiments were carried out with RAXIS-VII detector using Cu-Kα radiation with a wavelength of 1.5418 Å.
Results
Purification of the LH1-RC core complex
Because the chromatophores of Tch. tepidum contained a large amount of LH2, it was essential to first remove the predominant LH2 complex. Detergent treatment by LDAO removed about 70% of the total LH2 from the membrane fraction. The LH1-RC fraction was eluted from the DEAE chromatography at lower concentration of NaCl, followed by the remained LH2 fraction. Fig. 1 shows typical absorption spectra of the purified LH1-RC complex. The LH1 exhibited Q y and Q x transitions at 914 nm and 593 nm, respectively. Minor bands at 802 nm and 761 nm were attributed to the accessory BChl a and bacteriopheophytins in the RC, respectively. The spectral shape of carotenoids was characterized by a single type of carotenoid (see below). The purified LH1-RC complex revealed a high stability as shown in Fig. 1 : the LH1 Q y absorbance retained 95% after 10 days of storing at room temperature (25°C ± 1°C) in the dark. Purity of the LH1-RC complex was examined by both absorption spectrum and SDS-PAGE. The optimal A 915 /A 280 ratio was 2.25 ± 0.05 for the major fractions. This ratio could not be further improved by additional chromatography. Fig. 2 shows the result of SDS-PAGE for the purified complex. Only the expected components were detected. Subunits in the RC were assigned by Edman degradation analysis of N-terminal amino acids [26] . The cytochrome subunit was also confirmed by the heme staining detection using 3, 3′, 5, 5′-tetramethylbenzidine [26] . The LH1 polypeptides were assigned on the basis of their molecular weight and multiplicity. The LH1 α-polypeptide had a larger molecular weight than the β-polypeptide and had two components with one of them being modified by a formyl group at the N-terminus, which may result in a broader band on the gel than that of the β-polypeptide [15] .
Characterization of the LH1-RC core complex
We investigated the association form of the purified Tch. tepidum core complex. Fig. 3A shows the result of sucrose density gradient centrifugation. The Rb. sphaeroides LH1-RC, used as a reference, gave two distinct layers attributable to monomer (marked by I) and dimer (marked by II), respectively. The layer of the Tch. tepidum LH1-RC seemed to locate slightly lower than that of the monomeric form of the Rb. sphaeroides LH1-RC. To further examine the complex size, we conducted BN-PAGE and size-exclusion chromatography experiments. The results are shown in Fig. 3B and C. In BN-PAGE, the dimer and monomer of Rb. sphaeroides LH1-RC exhibited apparent molecular masses of about 720 ± 30 kDa and 460 ± 20 kDa, respectively. The molecular mass of the Tch. tepidum core complex was slightly larger than that of the monomeric form of the Rb. sphaeroides LH1-RC. Similar result was also obtained Fig. 1 . Absorption spectra of the purified LH1-RC core complexes from Tch. tepidum. Solid curve: fresh sample. Dotted curve: measured after 10 days for the sample stored at 25°C ± 1°C in dark.
from the size-exclusion chromatography, in which the Tch. tepidum LH1-RC was eluted slightly faster than the monomeric LH1-RC of Rb. sphaeroides. The results of these experiments were consistent with each other, and were further confirmed by using purified PS II dimer and monomer samples (a kind gift from Dr. J.-R. Shen) [27] . Taking into account that Tch. tepidum core complex has a cytochrome subunit in RC with a calculated molecular mass of 41 kDa which may result in a slightly different shape, the results can be interpreted in terms of a monomeric form for the Tch. tepidum LH1-RC purified by the procedure described in this study. Based on the spectra in Fig. 1 and the spectrum of the purified RC [18] , a ratio of LH1 αβ subunit to RC was estimated approximately to be 16.2 ± 1.0 using a multiple regression analysis method [28] . Table 1 shows the carotenoid composition in Tch. tepidum core complex in comparison with those of RC, LH2 and whole cells. The carotenoids in the LH1-RC were dominated by spirilloxanthin with only small amounts of its two precursors: OH-spirilloxanthin and rhodopin. The distribution of carotenoids in LH1-RC was very similar to that in RC where only spirilloxanthin was identified from the crystal structure [14] , but it was quite different from that found in LH2 and whole cells where rhodopin was the major component of carotenoid. Fig. 4 shows the CD and MCD spectra of the Tch. tepidum LH1-RC measured at room temperature. The overall CD spectrum was characterized by small and nonconservative signals, a common feature found for the LH1 complex [29, 30] . The signal with a relatively large negative peak at 919 nm and a small positive peak at 880 nm can be assigned to the BChl a molecules in LH1 complex. The spectral shape was similar to that observed for the LH1 of R. rubrum [31] [32] [33] , in which the spirilloxanthin is also the major carotenoid. The CD signal with a negative peak at 809 nm and a positive peak at 783 nm were attributed to the accessory BChl a in RC [34, 35] . Like CD, the MCD is also sensitive to the aggregation state of pigment molecules [36, 37] . The MCD spectrum of Tch. tepidum core complex was dominated by the signals from LH1, whereas signals from RC were very weak. The small positive peak at 902 nm corresponded to the Q y and the relatively large negative peak at 590 nm corresponded to the LH1 Q x transition. A value of 9.2 kβ/cm − 1 (β is 1 Bohr magneton) was roughly estimated for the ratio B/D of LH1 Q y transition, where B denotes the MCD intensity of the Faraday B-term and D denotes the electric dipole moment. This value is close to those measured for the LH2 B850 components (10.6) [37] and the special pairs (11.4) in RC [38] . 
Crystallization of the LH1-RC complex
From a wide-range search for the screening conditions, crystals of the Tch. tepidum LH1-RC complex were obtained from the conditions using PEG as a precipitant. Fig. 5 shows a micrograph of the crystals taken with a red-color filter. Typically, the crystals showed a rhombic shape with clear edges, and the sizes ranged from 1.0 mm × 0.3 mm × 0.3 mm to 0.3 mm × 0.1 mm × 0.1 mm. Formation of the crystals was found to be sensitive to the PEG concentration and the crystal growth was almost completed in 2 weeks. The diffraction pattern from these crystals was recorded only to a low resolution (around 10 Å resolution), but clearly indicating crystal lattices for the protein crystals.
Discussion
The LH1-RC core complex from Tch. tepidum has been highly purified. The isolation method was improved by optimizing the experimental conditions in both solubilization and DEAE chromatography. The interaction between LH1 and RC was unusually strong as evidenced by the fact that attempts for isolation of pure LH1 complex under various conditions were not successful [15] . The resultant core complex had a Q y absorption band at 914 nm for the LH1 BChl a, more than 25 nm red-shift compared with that from most other species. Another BChl a-containing core complex isolated from a purple sulfur bacterium, strain 970, was reported to exhibit a LH1 Q y absorption at 963 nm [39] . The extremely large red-shift was explained in terms of enhanced exciton interaction among the BChl a molecules and specific interactions between BChl a and LH1 polypeptides. The Tch. tepidum LH1-RC purified in this study was highly stable even at room temperature. About 95% of the LH1 Q y absorbance was maintained after 10 days stored at 25°C (Fig. 1) . This is well comparable with a value of 97% for the same sample stored on ice (data not shown). The result indicates that thermal degradation is not the major cause for the denaturation of this complex and the high stability is mainly due to its own nature rather than the association with membrane. It is of interest to note that the Tch. tepidum RC alone does not show pronounced thermostability and it gains a remarkable stability through the strong interaction with the LH1 complex [18] .
The Tch. tepidum core complex purified by the procedure of this work was determined to be in a monomeric form. It has been known that in Rhodobacter species a polypeptide, PufX, is required for the dimerization of the LH1-RC complex [11, 40, 41] . The PufX of Rb. sphaeroides is characterized by a single α helix over the central transmembrane domain and contains a short segment rich in Gly and Ala residues in the middle of the central helix [42] . We did not detect any small proteins except for the LH1 α and β-polypeptides from the highly purified Tch. tepidum core complex. However, the result cannot exclude possibility that other small proteins might still be involved in the organization of the core complex in vivo. This has been reported for other nonsulfur purple bacteria, in which the so-called protein W and protein Ω were detected in the core complexes of Rps. palustris [13] and R. rubrum [43] , respectively. One of the candidates for the Tch. tepidum core complex was thought to be the product of an ORF located immediately upstream of the pufB gene in the puf operon [19] . The ORF codes for a polypeptide of 28 residues (2.8 kDa) with a putative transmembrane region. Its position in puf operon corresponds to the pufQ gene in Rhodobacter species [44] and ORF1, ORF2 in Rubribivax gelatinosus [45] . The product of pufQ was reported to play a critical role in assembly of pigment-protein complexes and/ Fig. 5 . Crystals of the Tch. tepidum LH1-RC core complex grown at 20°C for 2 weeks. or BChl biosynthesis [46] . But the gene product of the Tch. tepidum ORF bears no sequence homology with those of pufQ, pufX, ORF1 and ORF2.
Spectroscopic measurements revealed a high symmetry and a large size for the Tch. tepidum LH1 ring as evidenced by the small CD signals. It has been demonstrated that the larger number of symmetry and the bigger diameter of LH1, combined with small rotations of the BChl a transition dipole moments, result in low CD intensities [29] . The nonconservativity observed for the LH1 Q y region in the CD spectrum can be interpreted in terms of interaction of the Q y with the carotenoid transitions [29] . The CD spectral shape of the Tch. tepidum LH1 Q y transition was similar to that observed for the LH1 complex of R. rubrum. However, the carotenoids in Tch. tepidum LH1 exhibited much stronger CD signals compared to that in R. rubrum LH1 [30] [31] [32] even though both the complexes contain the spirilloxanthin as the predominant carotenoid. The result may indicate a slightly different configuration of the carotenoid molecules in the LH1 complexes.
In this work, we also measured the MCD spectra for the highly purified core complex from Tch. tepidum. Because the MCD spectrum is sensitive to the higher-order structures of pigment assembly, it has been used as a powerful tool for investigating the association state of pigment aggregates and pigment-protein complexes [36] [37] [38] . The ratio, B/D, for Q y transition of BChl in a dimeric environment is known to be about half that of BChl in a monomeric form. A range of 10-12 kβ/cm − 1 was reported for LH2 B850 component, LH1 and RC special pairs, whereas 22-25 kβ/cm − 1 for LH2 B800 component and accessory BChl in RC. The B/D (9.2 kβ/cm − 1 ) estimated for the Tch. tepidum LH1 Q y transition is characteristic of a dimer and is very close to the value of 9.6 kβ/cm − 1 measured for R. rubrum LH1 Q y transition using a highly purified sample (data not shown). However, the spectroscopic results of this study are still far from enough to provide detailed information on the pigment-protein organization of the core complex, and the structural details have to be revealed by forthcoming high-resolution X-ray crystallography.
